
Neural Architecture Search with
Bayesian Optimisation and Optimal Transport

#0 ip, 64, (28891)

#1 crelu, 144, (144)

#2 softplus, 576, (82944)

#6 logistic, 256, (69632)

#9 linear, 256, (14445)

#3 leaky-relu, 72, (41472)

#4 logistic, 128, (73728)#5 elu, 64, (4608)

#7 logistic, 256, (16384)

#8 linear, 256, (14445)

#10 op, 512, (28891)

#0 ip, 64, (542390)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 logistic, 512, (131072)

#27 logistic, 512, (393216)

#29 linear, 512, (542390)

#4 crelu, 512, (262144)

#5 logistic, 512, (262144)

#6 logistic, 512, (262144)#7 crelu, 512, (262144)

#8 elu, 512, (262144)#9 crelu, 512, (262144)

#10 tanh, 512, (262144)#11 elu, 512, (262144)

#23 tanh, 324, (259200)

#12 softplus, 64, (32768)#13 tanh, 512, (262144)

#16 logistic, 72, (9216)

#14 softplus, 512, (262144)

#15 softplus, 64, (32768)

#17 relu, 128, (8192) #18 logistic, 128, (9216)

#19 tanh, 576, (73728) #20 relu, 128, (16384)

#21 leaky-relu, 576, (331776) #22 relu, 288, (36864)

#26 leaky-relu, 512, (589824)

#24 tanh, 648, (209952)

#25 leaky-relu, 576, (373248)

#28 logistic, 512, (262144)

#30 op, 512, (542390)

#0 ip, 64, (423488)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 linear, 512, (211744)

#25 tanh, 576, (700416)

#4 logistic, 512, (131072)

#21 tanh, 512, (262144)

#27 op, 512, (423488)

#5 logistic, 512, (262144)#6 logistic, 512, (262144)

#7 leaky-relu, 512, (262144)#8 leaky-relu, 512, (262144)

#9 leaky-relu, 576, (294912)

#10 tanh, 64, (32768)

#11 leaky-relu, 512, (262144)

#12 tanh, 512, (294912)

#20 crelu, 256, (81920)

#13 tanh, 512, (262144)

#14 tanh, 64, (32768)#15 relu, 64, (32768)

#16 relu, 64, (4096)

#17 relu, 128, (16384)

#18 logistic, 256, (32768)#19 logistic, 256, (32768)

#22 crelu, 512, (131072)

#23 elu, 504, (258048)

#24 tanh, 576, (290304)

#26 linear, 512, (211744)

#0 ip, 64, (206092)

#1 relu, 112, (112)#2 relu, 112, (112)#3 relu, 112, (112)

#4 relu, 224, (25088)

#20 logistic, 512, (417792)

#5 logistic, 448, (50176)

#8 linear, 512, (103046)

#6 logistic, 392, (87808)

#7 logistic, 441, (98784)#9 logistic, 496, (416640)

#10 leaky-relu, 62, (27342)

#22 op, 512, (206092)

#11 leaky-relu, 496, (246016)

#12 logistic, 512, (253952)

#19 logistic, 256, (192512)

#13 tanh, 128, (7936)

#14 leaky-relu, 64, (31744)

#18 softplus, 256, (159744)

#21 linear, 512, (103046)

#17 softplus, 128, (32768)

#15 tanh, 64, (4096)

#16 tanh, 128, (8192)

#0 ip, 64, (72512)

#1 crelu, 128, (128)

#2 crelu, 256, (32768)

#11 linear, 512, (72512)

#3 tanh, 512, (131072)

#4 tanh, 512, (262144)

#5 leaky-relu, 64, (32768)

#10 elu, 224, (172032)

#6 leaky-relu, 64, (4096)

#7 logistic, 128, (8192)

#8 logistic, 128, (16384)

#9 elu, 256, (65536)

#12 op, 512, (72512)

#0 ip, 64, (425996)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 tanh, 512, (131072)

#4 tanh, 512, (262144)

#21 tanh, 512, (524288)

#23 linear, 512, (425996)

#5 leaky-relu, 512, (262144) #6 leaky-relu, 448, (229376)

#7 leaky-relu, 448, (229376)

#20 relu, 512, (524288)

#8 leaky-relu, 448, (200704)

#9 logistic, 512, (229376) #10 logistic, 512, (229376)

#11 softplus, 512, (524288)

#12 softplus, 64, (32768)

#13 tanh, 64, (4096)

#14 tanh, 128, (8192)

#15 crelu, 128, (16384)

#16 logistic, 256, (32768)

#19 relu, 512, (327680)

#17 logistic, 256, (65536)

#18 leaky-relu, 512, (131072)

#22 tanh, 512, (262144)

#24 op, 512, (425996)

#0 ip, 64, (192791)

#1 elu, 110, (110)

#2 elu, 448, (49280)

#3 tanh, 448, (200704)

#7 relu, 49, (24696)

#18 linear, 512, (192791)

#4 tanh, 448, (200704)

#5 tanh, 56, (25088)

#6 relu, 56, (28224)

#8 relu, 98, (4802)

#9 logistic, 128, (18816)

#17 tanh, 512, (570368)

#10 logistic, 128, (16384)

#11 logistic, 256, (32768)

#12 softplus, 256, (65536)

#13 softplus, 224, (57344)

#14 tanh, 504, (112896)

#15 tanh, 512, (258048)

#16 tanh, 512, (262144)

#19 op, 512, (192791)

#0 ip, 64, (136204)

#1 crelu, 128, (128)

#2 crelu, 288, (36864)

#13 tanh, 512, (458752)

#14 linear, 512, (136204)

#3 tanh, 512, (147456)

#4 tanh, 448, (229376)

#5 softplus, 448, (200704)

#6 tanh, 252, (112896)

#7 softplus, 64, (16128)

#8 logistic, 64, (4096)

#9 logistic, 128, (8192)

#10 elu, 128, (16384)

#11 elu, 256, (65536)

#12 tanh, 256, (65536)

#15 op, 512, (136204)
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Neural Architecture Search

0: ip
(57735)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: res3 /2, 512
(131072)

10: res3, 512
(262144)

11: avg-pool, 1
(512)

12: fc, 1024
(52428)

13: softmax
(57735)

14: op
(57735)

Feedforward
network

GoogLeNet
(Szegedy et

al. 2015)

ResNet
(He et al.

2016)

DenseNet
(Huang et

al. 2017)
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Neural architecture search is a zeroth order optimisation problem
where each function evaluation is expensive.

validation
accuracy

- Train using given N.W. architecture
- Compute accuracy on validation set

N.W.
architecture

Function Evaluation

#0 ip, 64, (28891)

#1 crelu, 144, (144)

#2 softplus, 576, (82944)

#6 logistic, 256, (69632)

#9 linear, 256, (14445)

#3 leaky-relu, 72, (41472)

#4 logistic, 128, (73728)#5 elu, 64, (4608)

#7 logistic, 256, (16384)

#8 linear, 256, (14445)

#10 op, 512, (28891)

#0 ip, 64, (542390)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 logistic, 512, (131072)

#27 logistic, 512, (393216)

#29 linear, 512, (542390)

#4 crelu, 512, (262144)

#5 logistic, 512, (262144)

#6 logistic, 512, (262144)#7 crelu, 512, (262144)

#8 elu, 512, (262144)#9 crelu, 512, (262144)

#10 tanh, 512, (262144)#11 elu, 512, (262144)

#23 tanh, 324, (259200)

#12 softplus, 64, (32768)#13 tanh, 512, (262144)

#16 logistic, 72, (9216)

#14 softplus, 512, (262144)

#15 softplus, 64, (32768)

#17 relu, 128, (8192) #18 logistic, 128, (9216)

#19 tanh, 576, (73728) #20 relu, 128, (16384)

#21 leaky-relu, 576, (331776) #22 relu, 288, (36864)

#26 leaky-relu, 512, (589824)

#24 tanh, 648, (209952)

#25 leaky-relu, 576, (373248)

#28 logistic, 512, (262144)

#30 op, 512, (542390)

#0 ip, 64, (423488)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 linear, 512, (211744)

#25 tanh, 576, (700416)

#4 logistic, 512, (131072)

#21 tanh, 512, (262144)

#27 op, 512, (423488)

#5 logistic, 512, (262144)#6 logistic, 512, (262144)

#7 leaky-relu, 512, (262144)#8 leaky-relu, 512, (262144)

#9 leaky-relu, 576, (294912)

#10 tanh, 64, (32768)

#11 leaky-relu, 512, (262144)

#12 tanh, 512, (294912)

#20 crelu, 256, (81920)

#13 tanh, 512, (262144)

#14 tanh, 64, (32768)#15 relu, 64, (32768)

#16 relu, 64, (4096)

#17 relu, 128, (16384)

#18 logistic, 256, (32768)#19 logistic, 256, (32768)

#22 crelu, 512, (131072)

#23 elu, 504, (258048)

#24 tanh, 576, (290304)

#26 linear, 512, (211744)

#0 ip, 64, (206092)

#1 relu, 112, (112)#2 relu, 112, (112)#3 relu, 112, (112)

#4 relu, 224, (25088)

#20 logistic, 512, (417792)

#5 logistic, 448, (50176)

#8 linear, 512, (103046)

#6 logistic, 392, (87808)

#7 logistic, 441, (98784)#9 logistic, 496, (416640)

#10 leaky-relu, 62, (27342)

#22 op, 512, (206092)

#11 leaky-relu, 496, (246016)

#12 logistic, 512, (253952)

#19 logistic, 256, (192512)

#13 tanh, 128, (7936)

#14 leaky-relu, 64, (31744)

#18 softplus, 256, (159744)

#21 linear, 512, (103046)

#17 softplus, 128, (32768)

#15 tanh, 64, (4096)

#16 tanh, 128, (8192)

#0 ip, 64, (232665)

#1 relu, 128, (128)

#2 relu, 256, (32768)

#3 logistic, 512, (131072)

#14 crelu, 512, (262144)

#4 logistic, 512, (262144)

#5 elu, 512, (262144)

#6 elu, 512, (262144)

#13 crelu, 256, (196608)

#7 tanh, 576, (294912)

#8 tanh, 64, (36864)

#9 softplus, 64, (4096)

#10 softplus, 128, (8192)

#11 logistic, 128, (16384)

#12 logistic, 256, (32768)

#15 tanh, 512, (262144)

#16 tanh, 512, (262144)

#17 linear, 512, (232665)

#18 op, 512, (232665)

#0 ip, 64, (9121)

#1 leaky-relu, 128, (128)

#2 leaky-relu, 128, (128)#3 leaky-relu, 224, (28672)

#4 crelu, 126, (16128)#5 logistic, 64, (14336)

#9 linear, 256, (9121)

#6 logistic, 72, (4608)

#7 crelu, 126, (9072)

#8 crelu, 144, (18144)

#10 op, 256, (9121)

#0 ip, 64, (12209)

#1 relu, 144, (144)

#2 relu, 252, (36288)

#7 linear, 256, (12209)

#3 tanh, 72, (18144)

#6 logistic, 144, (54720)

#4 tanh, 64, (4608)

#5 leaky-relu, 128, (8192)

#8 op, 256, (12209)

#0 ip, 64, (30336)

#1 softplus, 128, (128)

#2 softplus, 128, (128)#3 softplus, 256, (32768)

#4 softplus, 256, (32768)#5 crelu, 160, (40960)

#8 tanh, 64, (20480)

#6 softplus, 64, (10240)

#7 softplus, 64, (4096)

#12 elu, 128, (24576)

#9 crelu, 64, (4096)

#10 tanh, 128, (8192)

#11 tanh, 128, (16384)

#13 elu, 112, (14336)

#14 elu, 256, (28672)

#15 elu, 256, (65536)

#16 linear, 256, (30336)

#17 op, 256, (30336)

Bayesian Optimisation methods are well suited for optimising
expensive blackbox functions.
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#2 softplus, 576, (82944)

#6 logistic, 256, (69632)

#9 linear, 256, (14445)

#3 leaky-relu, 72, (41472)

#4 logistic, 128, (73728)#5 elu, 64, (4608)

#7 logistic, 256, (16384)
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#0 ip, 64, (542390)
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#3 logistic, 512, (131072)

#27 logistic, 512, (393216)

#29 linear, 512, (542390)

#4 crelu, 512, (262144)

#5 logistic, 512, (262144)

#6 logistic, 512, (262144)#7 crelu, 512, (262144)

#8 elu, 512, (262144)#9 crelu, 512, (262144)

#10 tanh, 512, (262144)#11 elu, 512, (262144)
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#12 softplus, 64, (32768)#13 tanh, 512, (262144)

#16 logistic, 72, (9216)

#14 softplus, 512, (262144)

#15 softplus, 64, (32768)

#17 relu, 128, (8192) #18 logistic, 128, (9216)

#19 tanh, 576, (73728) #20 relu, 128, (16384)

#21 leaky-relu, 576, (331776) #22 relu, 288, (36864)

#26 leaky-relu, 512, (589824)

#24 tanh, 648, (209952)

#25 leaky-relu, 576, (373248)

#28 logistic, 512, (262144)

#30 op, 512, (542390)

#0 ip, 64, (423488)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 linear, 512, (211744)

#25 tanh, 576, (700416)

#4 logistic, 512, (131072)

#21 tanh, 512, (262144)

#27 op, 512, (423488)

#5 logistic, 512, (262144)#6 logistic, 512, (262144)

#7 leaky-relu, 512, (262144)#8 leaky-relu, 512, (262144)

#9 leaky-relu, 576, (294912)

#10 tanh, 64, (32768)

#11 leaky-relu, 512, (262144)

#12 tanh, 512, (294912)

#20 crelu, 256, (81920)

#13 tanh, 512, (262144)

#14 tanh, 64, (32768)#15 relu, 64, (32768)

#16 relu, 64, (4096)

#17 relu, 128, (16384)

#18 logistic, 256, (32768)#19 logistic, 256, (32768)

#22 crelu, 512, (131072)

#23 elu, 504, (258048)

#24 tanh, 576, (290304)

#26 linear, 512, (211744)

#0 ip, 64, (206092)

#1 relu, 112, (112)#2 relu, 112, (112)#3 relu, 112, (112)

#4 relu, 224, (25088)

#20 logistic, 512, (417792)

#5 logistic, 448, (50176)

#8 linear, 512, (103046)

#6 logistic, 392, (87808)

#7 logistic, 441, (98784)#9 logistic, 496, (416640)

#10 leaky-relu, 62, (27342)

#22 op, 512, (206092)

#11 leaky-relu, 496, (246016)

#12 logistic, 512, (253952)

#19 logistic, 256, (192512)

#13 tanh, 128, (7936)

#14 leaky-relu, 64, (31744)

#18 softplus, 256, (159744)

#21 linear, 512, (103046)

#17 softplus, 128, (32768)

#15 tanh, 64, (4096)

#16 tanh, 128, (8192)

#0 ip, 64, (232665)

#1 relu, 128, (128)

#2 relu, 256, (32768)

#3 logistic, 512, (131072)

#14 crelu, 512, (262144)

#4 logistic, 512, (262144)

#5 elu, 512, (262144)

#6 elu, 512, (262144)

#13 crelu, 256, (196608)

#7 tanh, 576, (294912)

#8 tanh, 64, (36864)

#9 softplus, 64, (4096)

#10 softplus, 128, (8192)

#11 logistic, 128, (16384)

#12 logistic, 256, (32768)

#15 tanh, 512, (262144)

#16 tanh, 512, (262144)

#17 linear, 512, (232665)

#18 op, 512, (232665)

#0 ip, 64, (9121)

#1 leaky-relu, 128, (128)

#2 leaky-relu, 128, (128)#3 leaky-relu, 224, (28672)

#4 crelu, 126, (16128)#5 logistic, 64, (14336)

#9 linear, 256, (9121)

#6 logistic, 72, (4608)

#7 crelu, 126, (9072)

#8 crelu, 144, (18144)

#10 op, 256, (9121)

#0 ip, 64, (12209)

#1 relu, 144, (144)

#2 relu, 252, (36288)

#7 linear, 256, (12209)

#3 tanh, 72, (18144)

#6 logistic, 144, (54720)

#4 tanh, 64, (4608)

#5 leaky-relu, 128, (8192)

#8 op, 256, (12209)

#0 ip, 64, (30336)

#1 softplus, 128, (128)

#2 softplus, 128, (128)#3 softplus, 256, (32768)

#4 softplus, 256, (32768)#5 crelu, 160, (40960)

#8 tanh, 64, (20480)

#6 softplus, 64, (10240)

#7 softplus, 64, (4096)

#12 elu, 128, (24576)

#9 crelu, 64, (4096)

#10 tanh, 128, (8192)

#11 tanh, 128, (16384)

#13 elu, 112, (14336)

#14 elu, 256, (28672)

#15 elu, 256, (65536)

#16 linear, 256, (30336)

#17 op, 256, (30336)

Bayesian Optimisation methods are well suited for optimising
expensive blackbox functions.
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Prior Work in Neural Architecture Search

Based on Reinforcement Learning:
(Baker et al. 2016, Zhong et al. 2017, Zoph & Le 2017, Zoph et al. 2017)

RL is more difficult than optimisation (Jiang et al. 2016).

Based on Evolutionary Algorithms:
(Kitano 1990, Stanley & Miikkulainen 2002, Floreano et al. 2008, Liu et al. 2017,

Miikkulainen et al. 2017, Real et al. 2017, Xie & Yuille 2017)

EA works well for optimising cheap functions, but not when
function evaluations are expensive.

Other:
(Swersky et al. 2014, Mendoza et al. 2016, Negrinho & Gordon 2017, Jenatton et al.

2017)

Mostly search among feed-forward structures.

And a few more in the last two years ...
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Bayesian Optimisation

At each time step

Compute posterior GP Maximise acquisition

x

f(x)

x

f(x) ϕt = µt−1 + β
1/2
t σt−1

xt
0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)
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I Define a kernel between neural network architectures.

I Optimise acquisition in the space of neural networks.
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Bayesian Optimisation

At each time step

Compute posterior GP

Maximise acquisition

x

f(x)

x

f(x) ϕt = µt−1 + β
1/2
t σt−1

xt
0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)
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Bayesian Optimisation

At each time step

Compute posterior GP Maximise acquisition

x

f(x)

x

f(x) ϕt = µt−1 + β
1/2
t σt−1

xt

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)
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Bayesian Optimisation

At each time step

Compute posterior GP Maximise acquisition

x

f(x)

x

f(x) ϕt = µt−1 + β
1/2
t σt−1

xt
0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)
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Bayesian Optimisation

At each time step

Compute posterior GP Maximise acquisition

x

f(x)

x

f(x) ϕt = µt−1 + β
1/2
t σt−1

xt
0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

0: ip
(100)

1: conv3, 16
(16)

2: conv3, 8
(128)

3: conv3, 8
(128)

4: conv3, 32
(512)

5: max-pool, 1
(32)

6: fc, 16
(51)

7: softmax
(100)

8: op
(100)

0: ip
(129)

1: conv3, 16
(16)

2: conv3, 16
(16)

3: conv3, 16
(256)

4: conv5, 16
(256)

5: conv5 /2, 32
(512)

6: avg-pool, 1
(32)

7: fc, 32
(204)

8: softmax
(129)

9: op
(129)

#0 ip,  (100)

#1 tanh, 8, (8) #2 logistic, 8, (8)

#3 logistic, 8, (64) #4 tanh, 8, (64)

#5 elu, 16, (256) #6 relu, 16, (256)

#7 linear,  (100)

#8 op,  (100)

0: ip
(2707)

1: conv7, 64
(64)

2: conv5, 128
(8192)

3: conv3 /2, 64
(4096)

4: conv3, 64
(4096)

5: avg-pool, 1
(128)

6: max-pool, 1
(64)

7: max-pool, 1
(64)

8: fc, 64
(819)

12: fc, 64
(1228)

9: conv3, 128
(8192)

10: softmax
(1353)

13: softmax
(1353)

11: max-pool, 1
(128)

14: op
(2707)

#0 ip,  (100)

#1 logistic, 8, (8)

#2 tanh, 8, (8) #3 relu, 8, (64)

#4 softplus, 16, (256) #5 relu, 16, (256)

#6 linear,  (100)

#7 op,  (100)

0: ip
(14456)

1: conv7, 64
(64)

2: max-pool, 1
(64)

3: res3 /2, 64
(4096)

4: res3, 64
(4096)

5: res3 /2, 128
(8192)

6: res3, 128
(16384)

7: res3 /2, 256
(32768)

8: res3, 256
(65536)

9: avg-pool, 1
(256)

10: fc, 512
(13107)

11: softmax
(14456)

12: op
(14456)

#0 ip,  (12710)

#1 linear,  (6355)

#2 tanh, 64, (64) #3 relu, 64, (64)

#9 op,  (12710)

#4 leaky-relu, 128, (8192)

#7 elu, 512, (65536)

#5 logistic, 64, (4096)

#6 logistic, 256, (49152)

#8 linear,  (6355)

Bayesian optimisation for Neural Architecture Search

I Define a kernel between neural network architectures.

I Optimise acquisition in the space of neural networks.
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OTMANN: A optimal transport based distance for neural architectures.

Given this distance d , we use e−βd as the kernel.
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Penalty function:
- type of operation.
- structural position.

Can be computed via an
optimal transport scheme.

Theorem: OTMANN is
a pseudo-distance.
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OTMANN: Illustration with tSNE Embeddings

#0 ip,
(110) [1]

#1 res5, 16,
(16) [1]

#2 conv3, 9,
(144) [1]

#3 res3, 9,
(144) [1]

#4 avg-pool,
(16) [1]

#5 avg-pool,
(16) [1]

#6 conv3, 32,
(576) [1]

#8 fc, 20,
(128) [2]

#7 avg-pool,
(32) [1]

#9 fc, 18,
(36) [x]

#10 softmax,
(110) [x]

#11 op,
(110) [x]

#0 ip,
(113) [1]

#1 conv3, 18,
(18) [1]

#2 conv3, 18,
(324) [1]

#3 conv3, 32,
(576) [1]

#4 avg-pool,
(18) [1]

#5 max-pool,
(32) [1]

#6 fc, 14,
(70) [2]

#7 fc, 14,
(44) [2]

#8 fc, 16,
(51) [2]

#9 softmax,
(37) [x]

#10 softmax,
(37) [x]

#11 softmax,
(37) [x]

#12 op,
(113) [x]

#0 ip,
(100) [1]

#1 conv3, 16,
(16) [1]

#2 conv3, 16,
(256) [1]

#3 conv3, 32,
(512) [1]

#4 max-pool,
(32) [1]

#5 fc, 16,
(51) [2]

#6 softmax,
(100) [x]

#7 op,
(100) [x]

#0 ip,
(284) [1]

#1 conv3, 18,
(18) [1]

#2 conv3, 20,
(20) [1]

#3 conv3, 18,
(324) [1]

#4 conv3, 41,
(738) [1]

#5 avg-pool,
(18) [1]

#6 conv3, 41,
(820) [1]

#7 max-pool,
(18) [1]

#8 avg-pool,
(18) [1]

#9 max-pool,
(41) [1]

#10 fc, 32,
(57) [2]

#12 fc, 32,
(172) [2]

#11 max-pool,
(41) [1]

#13 fc, 25,
(102) [2]

#19 fc, 22,
(125) [x]

#14 fc, 25,
(102) [2]

#15 fc, 25,
(80) [x]

#16 fc, 19,
(47) [x]

#17 fc, 22,
(55) [x]

#18 fc, 19,
(47) [x]

#20 softmax,
(71) [x]

#21 softmax,
(71) [x]

#22 softmax,
(71) [x]

#23 softmax,
(71) [x]

#24 op,
(284) [x]

#0 ip,
(63764) [1]

#1 conv3, 56,
(56) [1]

#2 conv3, 56,
(3136) [1]

#3 max-pool,
(56) [1]

#4 conv3, 112,
(6272) [2]

#5 conv3, 128,
(14336) [2]

#6 max-pool,
(128) [2]

#7 conv3, 128,
(16384) [4]

#8 conv3, 128,
(16384) [4]

#9 conv3, 128,
(16384) [4]

#10 avg-pool,
(128) [4]

#11 conv3, 256,
(32768) [8]

#12 conv3, 256,
(65536) [8]

#13 max-pool,
(256) [8]

#14 conv3, 576,
(147456) [16]

#15 conv3, 512,
(294912) [16]

#16 max-pool,
(512) [16]

#17 fc, 128,
(6553) [32]

#18 fc, 256,
(3276) [x]

#19 fc, 512,
(13107) [x]

#20 softmax,
(63764) [x]

#21 op,
(63764) [x]

#0 ip,
(264) [1]

#1 conv3, 16,
(16) [1]

#2 conv3, 18,
(18) [1]

#3 conv3, 16,
(256) [1]

#4 conv3, 36,
(576) [1]

#5 max-pool,
(16) [1]

#6 conv3, 36,
(648) [1]

#7 max-pool,
(16) [1]

#8 avg-pool,
(16) [1]

#9 max-pool,
(36) [1]

#10 max-pool,
(36) [1]

#11 fc, 28,
(44) [2]

#13 fc, 28,
(134) [2]

#12 max-pool,
(36) [1]

#14 fc, 28,
(100) [2]

#15 fc, 28,
(100) [2]

#21 fc, 28,
(168) [x]

#16 fc, 28,
(100) [2]

#17 fc, 32,
(89) [x]

#18 fc, 32,
(89) [x]

#19 fc, 28,
(78) [x]

#22 softmax,
(66) [x]

#20 fc, 25,
(70) [x]

#23 softmax,
(66) [x]

#24 softmax,
(66) [x]

#25 softmax,
(66) [x]

#26 op,
(264) [x]

#0 ip,
(459) [1]

#1 conv3, 16,
(16) [1]

#2 conv3, 16,
(16) [1]

#3 res5, 16,
(256) [1]

#4 conv3, 16,
(256) [1]

#5 avg-pool,
(16) [1]

#6 conv3, 16,
(256) [1]

#7 conv5, 32,
(512) [1]

#8 res3, 32,
(512) [1]

#9 conv3, 32,
(512) [1]

#18 fc, 36,
(288) [2]

#10 avg-pool,
(16) [1]

#11 conv3, 32,
(1024) [1]

#12 avg-pool,
(32) [1]

#13 avg-pool,
(32) [1]

#16 fc, 32,
(153) [2]

#14 avg-pool,
(32) [1]

#15 avg-pool,
(32) [1]

#17 fc, 36,
(115) [2]

#22 softmax,
(459) [x]

#19 fc, 36,
(129) [x]

#20 fc, 36,
(259) [x]

#21 fc, 36,
(129) [x]

#23 op,
(459) [x]

#0 ip,
(76459) [1]

#1 conv3, 56,
(56) [1]

#2 conv3, 63,
(3528) [1]

#3 avg-pool,
(56) [1]

#4 max-pool,
(63) [1]

#5 conv3, 112,
(6272) [2]

#6 conv3, 112,
(7056) [2]

#7 conv3, 128,
(14336) [2]

#8 conv3, 128,
(14336) [2]

#9 max-pool,
(128) [2]

#10 max-pool,
(128) [2]

#13 conv3, 112,
(28672) [4]

#11 conv3, 128,
(16384) [4]

#12 conv3, 128,
(16384) [4]

#14 conv3, 112,
(12544) [4]

#15 avg-pool,
(112) [4]

#16 conv3, 256,
(28672) [8]

#17 conv3, 288,
(73728) [8]

#18 max-pool,
(288) [8]

#19 conv3, 648,
(186624) [16]

#20 conv3, 512,
(331776) [16]

#21 max-pool,
(512) [16]

#22 fc, 128,
(6553) [32]

#23 fc, 256,
(3276) [x]

#24 fc, 512,
(13107) [x]

#25 softmax,
(76459) [x]

#26 op,
(76459) [x]

#0 ip,
(20613) [1]

#1 conv3, 56,
(56) [1]

#2 max-pool,
(56) [1]

#3 max-pool,
(56) [1]

#4 conv5, 63,
(3528) [2, /2]

#5 avg-pool,
(56) [2]

#6 max-pool,
(56) [2]

#7 res5, 62,
(3906) [4]

#8 conv5, 56,
(6272) [4]

#9 conv5, 56,
(3136) [4]

#10 res7, 92,
(5704) [4]

#11 max-pool,
(56) [4]

#12 avg-pool,
(56) [4]

#13 res3, 128,
(11776) [4, /2]

#14 avg-pool,
(56) [8]

#15 avg-pool,
(56) [8]

#16 res3, 128,
(16384) [8]

#17 conv3, 128,
(16384) [8]

#26 avg-pool,
(280) [16]

#18 avg-pool,
(56) [16]

#19 avg-pool,
(128) [8]

#20 res3, 224,
(28672) [8, /2]

#21 fc, 392,
(2195) [32]

#22 res3, 256,
(32768) [16]

#23 conv3, 224,
(50176) [16]

#24 softmax,
(6871) [x]

#25 max-pool,
(256) [16]

#31 op,
(20613) [x]

#27 fc, 448,
(11468) [32]

#28 fc, 448,
(12544) [32]

#29 softmax,
(6871) [x]

#30 softmax,
(6871) [x]

#0 ip,
(28787) [1]

#1 conv3, 56,
(56) [1]

#2 max-pool,
(56) [1]

#3 max-pool,
(56) [1]

#4 conv5, 63,
(3528) [2, /2]

#5 avg-pool,
(56) [2]

#6 res5, 62,
(3906) [4]

#7 conv5, 56,
(3136) [4]

#8 conv5, 56,
(3136) [4]

#9 res7, 92,
(5704) [4]

#10 avg-pool,
(56) [4]

#11 avg-pool,
(56) [4]

#12 avg-pool,
(56) [4]

#13 res3, 128,
(11776) [4, /2]

#14 avg-pool,
(56) [8]

#20 res3, 224,
(41216) [8, /2]

#15 avg-pool,
(56) [8]

#16 res3, 128,
(16384) [8]

#17 conv3, 128,
(16384) [8]

#24 avg-pool,
(280) [16]

#18 avg-pool,
(56) [16]

#19 res3, 224,
(28672) [8, /2]

#21 fc, 448,
(2508) [32]

#22 res3, 256,
(57344) [16]

#23 res3, 256,
(57344) [16]

#25 softmax,
(9595) [x]

#26 max-pool,
(256) [16]

#27 max-pool,
(256) [16]

#28 fc, 448,
(12544) [32]

#32 op,
(28787) [x]

#29 fc, 448,
(22937) [32]

#30 softmax,
(9595) [x]

#31 softmax,
(9595) [x]

#0 ip,
(8179) [1]

#1 conv7, 72,
(72) [1]

#2 conv5, 144,
(10368) [1, /2]

#3 conv3, 63,
(4536) [1, /2]

#4 conv3, 81,
(5832) [1]

#5 conv3, 71,
(5112) [1]

#6 avg-pool,
(72) [1]

#7 avg-pool,
(144) [2]

#8 fc, 79,
(1137) [2]

#9 max-pool,
(63) [2]

#10 max-pool,
(81) [1]

#11 max-pool,
(71) [1]

#12 avg-pool,
(72) [2]

#18 fc, 48,
(1036) [4]

#13 softmax,
(2726) [x]

#25 softmax,
(2726) [x]

#22 fc, 63,
(1839) [4]

#14 conv3, 110,
(8910) [2, /2]

#15 avg-pool,
(81) [2]

#16 conv3, 142,
(21584) [2]

#17 conv3, 126,
(8946) [2]

#27 op,
(8179) [x]

#19 conv3, 87,
(9570) [4]

#23 fc, 63,
(1304) [4]

#20 max-pool,
(142) [2]

#21 max-pool,
(126) [2]

#24 fc, 55,
(693) [4]

#26 softmax,
(2726) [x]

#0 ip,
(5427) [1]

#1 conv7, 64,
(64) [1]

#2 conv7, 128,
(8192) [1, /2]

#3 conv3, 56,
(3584) [1, /2]

#4 conv3, 64,
(4096) [1]

#5 conv3, 64,
(4096) [1]

#6 avg-pool,
(64) [1]

#7 avg-pool,
(64) [1]

#8 max-pool,
(128) [2]

#9 fc, 63,
(806) [2]

#10 max-pool,
(56) [2]

#11 avg-pool,
(64) [1]

#12 avg-pool,
(64) [1]

#13 max-pool,
(64) [1]

#14 avg-pool,
(64) [2]

#15 avg-pool,
(64) [2]

#24 fc, 56,
(1030) [4]

#16 softmax,
(1809) [x]

#27 softmax,
(1809) [x]

#26 fc, 64,
(2816) [4]

#17 conv3, 128,
(8192) [2]

#19 conv3, 128,
(16384) [2]

#18 max-pool,
(64) [2]

#21 max-pool,
(192) [2]

#20 res3, 56,
(3584) [4]

#28 op,
(5427) [x]

#22 fc, 64,
(409) [4]

#23 max-pool,
(128) [2]

#25 softmax,
(1809) [x]
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OTMANN correlates with cross validation performance

OTMANN Distance

Difference in
Validation Error
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Optimising the acquisition

Modifiers to navigate search space:
inc single, dec single, inc en masse, dec en masse, remove layer,
wedge layer, swap layer, dup path, skip path.

Apply an evolutionary algorithm using these modifiers.

Resulting procedure: NASBOT
Neural Architecture Search with Bayesian Optimisation and
Optimal Transport (Kandasamy et al. NeurIPS 2018)
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Test Error on 7 Datasets
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Architectures found on Cifar10
0: ip

(328008)

1: conv3, 64
(64)

2: conv3, 64
(4096)

3: max-pool
(64)

4: conv3, 128
(8192)

5: conv3, 128
(16384)

6: max-pool
(128)

7: conv3, 128
(16384)

8: conv3, 128
(16384)

9: conv3, 128
(16384)

10: conv3, 128
(16384)

11: max-pool
(128)

12: max-pool
(128)

13: conv3, 256
(32768)

14: conv3, 224
(28672)

15: conv3, 224
(57344)

16: conv3, 288
(64512)

17: conv3, 256
(57344)

18: max-pool
(288)

19: conv3, 288
(73728)

20: conv3, 576
(165888)

21: max-pool
(288)

22: conv3, 576
(331776)

23: conv3, 576
(165888)

24: conv3, 576
(165888)

25: max-pool
(576)

26: conv3, 576
(331776)

27: conv3, 576
(331776)

28: fc, 144
(8294)

29: conv3, 576
(331776)

30: conv3, 576
(331776)

31: avg-pool
(576)

32: softmax
(109336)

33: conv3, 576
(331776)

34: max-pool
(576)

36: fc, 144
(16588)

43: op
(328008)

35: conv3, 576
(331776)

37: max-pool
(576)

38: softmax
(109336)

39: fc, 126
(7257)

40: fc, 252
(3175)

41: fc, 504
(12700)

42: softmax
(109336)

0: ip
(159992)

1: conv3, 64
(64)

2: conv3, 64
(4096)

3: max-pool
(64)

4: conv3, 128
(8192)

5: conv3, 128
(16384)

6: max-pool
(128)

7: avg-pool
(128)

8: conv3, 128
(16384)

9: avg-pool
(128)

10: conv3, 128
(16384)

11: avg-pool
(128)

12: conv3, 128
(16384)

24: conv7, 512
(327680)

13: conv3, 128
(16384)

14: max-pool
(128)

15: conv3, 256
(32768)

19: max-pool
(384)

16: conv3, 256
(65536)

17: res3, 256
(65536)

18: conv3, 256
(65536)

20: conv5, 448
(172032)

21: conv3, 512
(229376)

22: conv3, 512
(262144)

23: conv3, 512
(262144)

25: max-pool
(512)

26: fc, 128
(6553)

27: fc, 256
(3276)

28: fc, 448
(11468)

29: softmax
(159992)

30: op
(159992)

0: ip
(198735)

1: conv3, 64
(64)

2: conv3, 64
(4096)

3: max-pool
(64)

4: conv3, 128
(8192)

5: conv3, 128
(16384)

6: max-pool
(128)

7: max-pool
(128)

8: conv3, 128
(16384)

9: conv3, 128
(16384)

10: max-pool
(128)

11: conv3, 128
(16384)

12: max-pool
(128)

13: conv3, 128
(16384)

14: conv3, 512
(65536)

15: max-pool
(128)

16: conv3, 576
(294912)

17: conv3, 256
(32768)

18: conv3, 256
(32768)

19: conv3, 576
(331776)

20: conv3, 256
(65536)

21: conv3, 256
(65536)

22: max-pool
(576)

23: conv3, 256
(65536)

25: max-pool
(512)

24: fc, 128
(7372)

26: fc, 256
(3276)

27: conv3, 512
(262144)

28: fc, 512
(13107)

29: conv3, 576
(294912)

30: softmax
(99367)

31: conv3, 576
(331776)

37: op
(198735)

32: max-pool
(576)

33: fc, 128
(7372)

34: fc, 256
(3276)

35: fc, 512
(13107)

36: softmax
(99367)

0: ip
(329217)

1: conv3, 64
(64)

2: conv3, 64
(4096)

3: avg-pool
(64)

4: max-pool
(64)

5: avg-pool
(64)

6: conv3, 128
(8192)

7: avg-pool
(64)

8: conv3, 128
(16384)

9: avg-pool
(64)

10: avg-pool
(64)

11: max-pool
(128)

12: avg-pool
(64)

13: avg-pool
(64)

14: conv3, 144
(18432)

46: fc, 128
(13926)

41: fc, 128
(7372)

15: conv3, 128
(18432)

16: conv3, 128
(16384)

17: conv3, 128
(16384)

18: max-pool
(128)

19: conv3, 256
(32768)

20: conv3, 256
(65536)

21: conv3, 256
(65536)

22: conv3, 288
(73728)

23: conv3, 256
(65536)

24: conv3, 256
(73728)

25: conv3, 256
(73728)

26: max-pool
(256)

27: max-pool
(256)

28: max-pool
(256)

29: max-pool
(256)

30: conv3, 512
(131072)

31: conv3, 512
(131072)

32: conv3, 512
(131072)

33: conv3, 512
(131072)

35: conv3, 512
(524288)

34: conv3, 512
(262144)

36: conv3, 512
(262144)

37: conv3, 512
(262144)

38: max-pool
(512)

39: conv3, 512
(262144)

40: conv3, 512
(262144)

43: max-pool
(1024)

42: res3 /2, 512
(262144)

44: fc, 512
(6553)

45: max-pool
(512)

47: softmax
(109739)

48: conv3, 128
(65536)

49: fc, 512
(6553)

55: op
(329217)

50: fc, 128
(1638)

51: softmax
(109739)

52: fc, 256
(3276)

53: fc, 512
(13107)

54: softmax
(109739)
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Architectures found on Indoor Location

#0 ip, 64, (28891)

#1 crelu, 144, (144)

#2 softplus, 576, (82944)

#6 logistic, 256, (69632)

#9 linear, 256, (14445)

#3 leaky-relu, 72, (41472)

#4 logistic, 128, (73728)#5 elu, 64, (4608)

#7 logistic, 256, (16384)

#8 linear, 256, (14445)

#10 op, 512, (28891)

#0 ip, 64, (542390)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 logistic, 512, (131072)

#27 logistic, 512, (393216)

#29 linear, 512, (542390)

#4 crelu, 512, (262144)

#5 logistic, 512, (262144)

#6 logistic, 512, (262144)#7 crelu, 512, (262144)

#8 elu, 512, (262144)#9 crelu, 512, (262144)

#10 tanh, 512, (262144)#11 elu, 512, (262144)

#23 tanh, 324, (259200)

#12 softplus, 64, (32768)#13 tanh, 512, (262144)

#16 logistic, 72, (9216)

#14 softplus, 512, (262144)

#15 softplus, 64, (32768)

#17 relu, 128, (8192) #18 logistic, 128, (9216)

#19 tanh, 576, (73728) #20 relu, 128, (16384)

#21 leaky-relu, 576, (331776) #22 relu, 288, (36864)

#26 leaky-relu, 512, (589824)

#24 tanh, 648, (209952)

#25 leaky-relu, 576, (373248)

#28 logistic, 512, (262144)

#30 op, 512, (542390)

#0 ip, 64, (423488)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 linear, 512, (211744)

#25 tanh, 576, (700416)

#4 logistic, 512, (131072)

#21 tanh, 512, (262144)

#27 op, 512, (423488)

#5 logistic, 512, (262144)#6 logistic, 512, (262144)

#7 leaky-relu, 512, (262144)#8 leaky-relu, 512, (262144)

#9 leaky-relu, 576, (294912)

#10 tanh, 64, (32768)

#11 leaky-relu, 512, (262144)

#12 tanh, 512, (294912)

#20 crelu, 256, (81920)

#13 tanh, 512, (262144)

#14 tanh, 64, (32768)#15 relu, 64, (32768)

#16 relu, 64, (4096)

#17 relu, 128, (16384)

#18 logistic, 256, (32768)#19 logistic, 256, (32768)

#22 crelu, 512, (131072)

#23 elu, 504, (258048)

#24 tanh, 576, (290304)

#26 linear, 512, (211744)

#0 ip, 64, (206092)

#1 relu, 112, (112)#2 relu, 112, (112)#3 relu, 112, (112)

#4 relu, 224, (25088)

#20 logistic, 512, (417792)

#5 logistic, 448, (50176)

#8 linear, 512, (103046)

#6 logistic, 392, (87808)

#7 logistic, 441, (98784)#9 logistic, 496, (416640)

#10 leaky-relu, 62, (27342)

#22 op, 512, (206092)

#11 leaky-relu, 496, (246016)

#12 logistic, 512, (253952)

#19 logistic, 256, (192512)

#13 tanh, 128, (7936)

#14 leaky-relu, 64, (31744)

#18 softplus, 256, (159744)

#21 linear, 512, (103046)

#17 softplus, 128, (32768)

#15 tanh, 64, (4096)

#16 tanh, 128, (8192)
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Architectures found on Slice Localisation

#0 ip, 64, (72512)

#1 crelu, 128, (128)

#2 crelu, 256, (32768)

#11 linear, 512, (72512)

#3 tanh, 512, (131072)

#4 tanh, 512, (262144)

#5 leaky-relu, 64, (32768)

#10 elu, 224, (172032)

#6 leaky-relu, 64, (4096)

#7 logistic, 128, (8192)

#8 logistic, 128, (16384)

#9 elu, 256, (65536)

#12 op, 512, (72512)

#0 ip, 64, (425996)

#1 elu, 128, (128)

#2 elu, 256, (32768)

#3 tanh, 512, (131072)

#4 tanh, 512, (262144)

#21 tanh, 512, (524288)

#23 linear, 512, (425996)

#5 leaky-relu, 512, (262144) #6 leaky-relu, 448, (229376)

#7 leaky-relu, 448, (229376)

#20 relu, 512, (524288)

#8 leaky-relu, 448, (200704)

#9 logistic, 512, (229376) #10 logistic, 512, (229376)

#11 softplus, 512, (524288)

#12 softplus, 64, (32768)

#13 tanh, 64, (4096)

#14 tanh, 128, (8192)

#15 crelu, 128, (16384)

#16 logistic, 256, (32768)

#19 relu, 512, (327680)

#17 logistic, 256, (65536)

#18 leaky-relu, 512, (131072)

#22 tanh, 512, (262144)

#24 op, 512, (425996)

#0 ip, 64, (192791)

#1 elu, 110, (110)

#2 elu, 448, (49280)

#3 tanh, 448, (200704)

#7 relu, 49, (24696)

#18 linear, 512, (192791)

#4 tanh, 448, (200704)

#5 tanh, 56, (25088)

#6 relu, 56, (28224)

#8 relu, 98, (4802)

#9 logistic, 128, (18816)

#17 tanh, 512, (570368)

#10 logistic, 128, (16384)

#11 logistic, 256, (32768)

#12 softplus, 256, (65536)

#13 softplus, 224, (57344)

#14 tanh, 504, (112896)

#15 tanh, 512, (258048)

#16 tanh, 512, (262144)

#19 op, 512, (192791)

#0 ip, 64, (136204)

#1 crelu, 128, (128)

#2 crelu, 288, (36864)

#13 tanh, 512, (458752)

#14 linear, 512, (136204)

#3 tanh, 512, (147456)

#4 tanh, 448, (229376)

#5 softplus, 448, (200704)

#6 tanh, 252, (112896)

#7 softplus, 64, (16128)

#8 logistic, 64, (4096)

#9 logistic, 128, (8192)

#10 elu, 128, (16384)

#11 elu, 256, (65536)

#12 tanh, 256, (65536)

#15 op, 512, (136204)
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